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The Detection of Liquid Slugging Phenomena in Reciprocating
Compressor svia Power Measurements

Christopher RLaughman' Peter RArmstrond Leslie K. Norford! Steven B Leel

IMassachusetts Institute of Technology
Cambridge, MA 02139
email: {crlaugh, lnorford, shleeb}@mit.edu

2Pacific Northwest National Laboratary
Richland, WA 99352
email: peter.armstrong@pnl.gov

ABSTRACT

The presence of liquid refrigerant in the compressor cyiralring operation, or liquid slugging, is one of the most
common causes of failure in reciprocating compressors. kpgse to detect this fault by analyzing the electrical
current flowing into the compressor and identifying the cdeim the load on the motor caused by the presence of
liquid in the compressor cylinder. Twoftirent types of liquid slugging are examined in this papethéfirst, small
volumes of liquid are ingested during the steady-stateaifmer of the compressor; in the second, small volumes of
liquid are present at the suction port of the compressor idiately prior to the compressor start. Experimental data
from a 1-ton split air conditioning system is used to demi@tetmethods for identifying these faults.

1 INTRODUCTION

Vapor compression air conditioning equipment is suscéptiba wide variety of faults and failures. One particularly
common fault is the ingestion of liquid refrigerant into tempressor cylinder from the suction port, otherwise known
as liquid slugging. Under normal operating conditions,rfeigerant exiting the evaporator is 100% vapor, so that no
liquid is present in the stream entering the compressorokiinfiately, liquid refrigerant may accumulate at the gurcti
port of the compressor for a variety of reasons. For exanapi@rmal cooling load may not befSigient to evaporate

all of the refrigerant present in the condenser if the refidgnt loop contains an excessive mass of refrigerant,gusi
the liquid exiting the evaporator to be ingested by the casgor. Faulty components, such as a poorly tuned or
broken expansion valve, can overfill the evaporator withigefant. Extreme conditions and transients can alsotresul
in liquid slugging because the refrigerant either will notripletely evaporate in the evaporator or will recondense in
the piping connecting the evaporator to the compressowidiglugging is typically not noticed in such conditions
because the air conditioning unit otherwise appears to beatipg normally.

Compressors, and air conditioning systems in general, ean\zersely fiected in a variety of ways by liquid slugging.
The mass flow rate into the compressor can be reduced as tofdgplid flashing in the compressor cylinder and at the
valve plate (Afjeiet al., 1992). The ingestion of liquid refrigerant into the cormgser shell and the subsequent boiling
of refrigerant out of the lubrication oil can also reduce lifegime of the compressor by causing damage to the motor
winding insulation (Cunrffe et al., 1986). The compressor lifetime may also be shortened bintreased stresses
placed upon mechanical components, such as the crankghlaé, plate, valves, pistons, and connecting rods, each
time the piston collides with the incompressible liquid. WHhe reduction in compressor lifetime from these stresse
might be gradual, large amounts of liquid have also been krtovdestroy compressors by snapping connecting rods
and crankshafts. Cunie et al. (1986), Stouppe and Lau (1989), and Breuker and Braun (1898nphasize the
prevalence of failures caused by liquid slugging in theiveys of common faults in rooftop air conditioning units
(RTUs); in particular, Stouppe and Lau (1989) state thafifiglugging is the direct cause of 20% of the mechanical
failures in the compressor. Moreover, reciprocating caapors, more than other types of compressors, have been
shown to be particularly vulnerable to liquid slugging (land Soedel, 1995).
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Previous research into the causes afidots of liquid slugging provides important and useful baokgd into the
phenomenon. Singé al. (1986a) appear to have published the first paper regardjogllslugging, in which they
present measurements showing that cylinder pressuresgdsitigging conditions are up to 10 times higher than
normal in a reciprocating compressor. Initial simulatiovere also performed to analytically explore the origins of
these high pressures, and these simulations were furthefoged in Singtet al. (1986b), in which the simulated
pressure waveforms had features closely resembling tHzsrwed in liquid slugging experiments. Simpson and Lis
(1988) study the problem of reliably identifying liquid giging phenomena by measuring forces on components in
the compressor body, and conclude that the most reliableatads are cylinder pressure and the force on the main
bearing of the crankshaft. More recently, Shiva Prasad4p6tudied the analogous problem of liquid slugging in
natural gas compressors with similar results.

While it is clear from the extant fault surveys and the repoftliquid slugging experiments that liquid slugging can
and does cause significant damage to reciprocating congpse#sis less obvious how to detect this phenomenon in
a practical sense; one of the main points made by Simpsoniar{(d288), in fact, is that liquid slugging is not easily
observed in an experimental setting because it is hardibigland repeatably measure the cylinder pressure or the
stresses on compressor internals. An alternative methadrexi in this research is the detection of liquid sluggiia v
analysis of the power flowing into the compressor motor. Téreser requirements for such a fault detection method
are far less demanding because the electrical sensors caourged externally to the compressor, potentially making
the method both less costly and more reliable.

Preliminary research into this method of liquid sluggingedtion was reported in Armstrorgyal. (2006) . A semi-
hermetic 34 hp compressor was used in those tests on a bench-top s¢tughe/suction and discharge ports open to
the ambient environment to evaluate the potential featsiloif detecting liquid slugging during the compressortar

as well as during steady-state operation. Variations ingsdiaat were correlated to the times of liquid injection were
identified, suggesting that further investigation of suchapproach might be fruitful. The research in this paper
therefore builds upon the results of those early tests blatiag the &ects of liquid slugging on a 1-ton split system
assembled in our laboratory.

This paper will first discuss the experimental apparatud tseause liquid slugging in the compressor, which incorpo-
rates modifications to the refrigerant loop as well as aolditi control circuitry. Two distinct types of liquid sluggy

will then be considered. The first of these types is that ircivliguid refrigerant is ingested by the compressor during
steady-state operation; this will be referred tcst@ady-state slugging. The second type of slugging is that in which
liquid refrigerant is either pooled directly on the valvata above the compressor cylinder or in the cylinder itself
immediately prior to startup, so that it is pulled into thdicgler when the compressor turns on. This type of liquid
slugging will be referred to asansient liquid slugging. Detailed discussion and experimental results for eachaype
liquid slugging will be given in their own respective secitso

2 EXPERIMENTAL APPARATUS

The split system used as a test bed for these experiments amsfactured by International Comfort Products, and
has a cooling capacity of 1 ton and a refrigerant capacity6ob9nces (about 3000mL) of R-22. A two-cylinder
semi-hermetic reciprocating compressor was installedefsting purposes, and the resulting air-conditioningesyst
was modified in a manner illustrated schematically in Figlipe The use of a semi-hermetic compressor made it
possible to modify the compressor head by adding the liqy&ttion apparatus, pictured in Figure 1a, so that liquid
refrigerant could be injected directly into the cylindeheTadditional refrigerant line was plumbed directly inte th
side of the compressor head with a short stub of stainlesktateng, so that the refrigerant could be deposited direct
above the suction valve. As can be seen from the picture ha gigss and a solenoid valve were also installed in the
liquid-injection line; the sight glass was installed touadly ascertain the amount of refrigerant being injected in
the cylinder, while the solenoid valve was installed to gely control the timing and size of the liquid slugs that
were injected. The precise quality of the mixture enterimg tompressor head is unknown, as is the duration of
time during which the mixture is present in the compressecalbise some of the liquid will evaporate as it enters the
compressor head. The amount of liquid entering the compréssad can be specified arbitrarily, however, ensuring
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(a) Picture of the automated liquid injection apparatuse fiefrig- (b) Diagram of the experimental RTU platform with its accanp
erant line directly into the compressor head, includingsthienoid nying control system. The dashed lines signify the conorstbe-
valve and sight glass, is visible; an extra copper pipe whiesed tween the computer and the individual loads which it costrol

to the sight glass through which cold water was circulatedoto-
dense the refrigerant.

Figure 1: Schematic and photograph of the experimentalrapgs illustrating the construction of the unit as well as
modifications made to study liquid slugging phenomena.

that the quantity of liquid injected into the cylinder isdaban or equal to the programmed volume.

The solenoid valve was controlled by a microcontrollerdabsontrol board. This control board was designed to turn
the fans, compressor, and the solenoid on dhthgre-programmed time sequences of the test operatorssaig.
Complicated test protocols could thus be run for extendedge of time without continuous supervision. This control
system was designed to synchronize load-switching opastivith the electric utility, enabling the loads to be tutne
on at specific points in the line cycle. The computer which aggd the control board, a 1.8 GH#-the-shelf PC
running Linux, was also outfitted with a multi-channel, 8 kpr channel USB-based data acquisition system; this
allowed the control and data acquisition functions to bedoated from the same terminal.

3 STEADY-STATE LIQUID SLUGGING

The dynamic behavior of the compressor motor under nornmeradimg conditions is governed by a number of factors.
The load on the piston caused by the state of the refrigenathiel cylinder is of primary importance to the method
of identifying liquid slugging by electrical measurementecause the forces generated when the piston acts on a
liquid-vapor mixture are far greater than those generatembmpressing vapor. The brief change in the mechanical
load on the compressor motor when liquid is present in thimdgl, until the liquid either evaporates or is pushed
out of the discharge port, will manifest itself in the motéearical load. Changing cooling load at the evaporator or
ambient conditions at the condenser can atiecathe motor electrical load through related changes isdlecgon and
discharge pressures. Similarly, the total mass of refaigigoresent in the system can have ie& on the load on the
piston. Electrical parameters of the motor, such as thersad rotor impedances, also have a significélieé on the
power consumed by the motor; these impedances can change ttheemal phenomena acting over the compressor’s
operating cycle, or with normal degradation or faults agtimer the compressor’s lifetime.

Consideration of the diering time scales over which the aforementioned phenomlearage the motor’s behavior is
extremely important in developing a diagnostic indicatarliquid slugging. For example, environmental conditions
change relatively slowly, over the course of minutes or Bousimilarly, motor windings gradually heat up after
the compressor is turned on, approaching their final tenperafter 30 minutes or so. In comparison, changes
in compressor power caused by liquid slugging occur on a nshcinter timescale, taking place over only a few
seconds because of the rapid exit of the refrigerant frontytiader. The proposed method for identifying steady-
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(a) Plot of the real power estimate for the compressor duihig- (b) Plot of the real power estimate for the compressor duailig-
uid slugging event for the compressor current sensor. uid slugging event for the aggregate current sensor.

Figure 2: Comparison of the compressor-only and the agtggmaver sensors; 0.68 mL of liquid refrigerant was
injected during this test. The average power is higher imfe@b because the sensor is monitoring the compressor as
well as the condenser and evaporator fans.

state liquid slugging exploits these time scal@atences by looking for extremely brief surges in the powaerifig

into the compressor. This approach does not require cibbréor cooling load, ambient environmental conditions,
or even refrigerant charge, because changes in these tipgmniill occur over time scales that are not relevant to the
identification problem. Moreover, should there be any abchanges in the compressor power that were not related
to liquid slugging, these would also be of interest becalieg tvould relate to other significant faults in the RTU.

Power flowing into the compressor can be observed from nellgcations in a conventionally wired RTU. Power
transducers placed directly on the wires feeding the cosspreyield observations of the power which can be used
to perform the desired diagnostics. Alternatively, the powansducers may be installed at the electrical service
entrance for the purpose of observing all of the electriwadik internal to the RTU, e.g., the evaporator and condenser
fans as well as the compressor. Such observations of thegafgrpower have two potential benefits: a reduction
in the number of power transducers needed and the possifiilteveloping diagnostic procedures for any or all of
the electrical loads contained in the RTU. While the comipyeaf analyzing an aggregate power signal is greater
than that of a dedicated power signal, the potential forcedwsensor cost and increased reliability for a given set of
information provides a strong motivation for developingulid slugging diagnostics for both dedicated and aggregate
power measurements.

The particular method used to estimate the power consumetigploys measurements of the current supplied, either
to the compressor alone or of the aggregate unit, to obtéima&tes of the real power; this method is described in
detail in Leebet al. (1995). These estimates are typically called “spectraékpe estimates” because each sample of
the power estimate is generated by computing the shortfiooeier transform of a sliding window of data. Spectral
envelope estimates often prove useful in the analysis oepeignatures because theleetively remove the 60 Hz
component from the current waveform, providing a meanseftifying the shape of the underlying power transient,
which can be used for load identification or diagnostic pegso(Laughmaset al., 2003). The spectral envelope
estimates used in this research were sampled at 120 Hz.

An experimental protocol was devised to characterize tfeceof steady-state liquid slugging on the compressor
power. While the fects of compressor faults other than liquid slugging on tirafressor power must eventually be
considered, the only type of fault studied during these Brpnts was liquid slugging. Before conducting any tests,
the compressor was run for an extended period of time to Ithieghotor windings to their final operating temperature,
so that any potential variation in the experiments couldlineieated. Although this was not strictly necessary beeaus
the time scale of interest was much shorter than the theraraients, this step was included so that every reasonable
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(a) Plot of the real power estimate for the compressor duihig- (b) Plot of the real power estimate for the compressor duailig-
uid slugging event for the compressor current sensor. uid slugging event for the aggregate current sensor.

Figure 3: Comparison of the compressor-only and the agtgggawer sensors. 8.5 mL of liquid refrigerant was
injected during this test.

precaution was taken.

Trials were conducted in which the compressor was run foxgeneed period of time, during which the solenoid valve
was periodically opened for precisely controlled time iméds to let repeatable volumes of liquid refrigerant irtie t
compressor. Observations of the estimates of compresa@rmver this time period show that the compressor power
does indeed reflect a change in the load on the compressor,rastcan be seen in Figures 2 and 3. These figures
illustrate the estimates of the real power consumed onhhbycompressor (Figures 2a and 3a) and by the aggregate
collection of loads in the RTU (Figures 2b and 3b) over theetimterval during which the compressor ingested the
liquid slug.

Itis clear from these figures that liquid slugs have fiaca on the estimates of compressor power which are observabl
from both the dedicated and aggregate current sensors. tRenexly small liquid slug of 0.68 mL is ingested in the
dataillustrated in Figure 2. Thefect of the liquid slug on the compressor power estimate is@gy in Figure 2a, as it
causes a spike that is approximately 2% greater than thagaealue of the waveform. While this spike is also visible
in the estimate of the aggregate power illustrated in Figbrehe large amount of variation in the power estimate due
to the fan motors makes this featureghdiult to differentiate from the background noise. In comparison, a sfug o
approximately 8.5 mL of liquid is much easier to identify inth the compressor and aggregate spectral envelope
estimates of Figure 3. The series of spikes evident in thgpcessor power estimate plotted in Figure 3a represent an
abrupt 5% jump in the compressor spectral envelope wavefanc the analogous series of spikes in the aggregate
power estimate plotted in Figure 3b equate to a similarlydr2b% jump. The ease with which these changes can be
detected with the eye suggests that a fault detection methald be developed to track and log the number of times
that liquid slugs are ingested by the compressor, as welleagfiproximate volume of liquid contained in these slugs.
One useful algorithm for detecting this type of fault is désed in Armstronggt al. (2006).

4 TRANSIENT LIQUID SLUGGING

Many characteristics of the transient liquid slugging pdreenon are similar to those of steady-state liquid slugging
but there are some importanti@rences. The first of thesefidirences involves the time at which liquid refrigerant
enters the compressor cylinder. While the liquid refrigeedways enters the cylinder through the suction valvergyri
steady-state liquid slugging, the liquid refrigerant maypbesent in the cylinder prior to startup in the case of teants
liquid slugging. This circumstance may occur because thiggegant vapor present in the cylinder can be cooled to the
point of condensation when the compressorfts ©he refrigerant vapor may also have condensed in the eséig
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(a) Averaged instantaneous three phase power flowing irgo th (b) Zoomed in plot of the averaged instantaneous power wave-
compressor during startup for transient liquid slugs oféasing forms to highlight the changes caused by transient liquidsbf
size as monitored by the compressor current sensors. Nbate increasing size.

the main dfference occurs at the tail end of the startup transient.

Figure 4: Averaged plots of the three phase instantaneomsrmuring the compressor startup transient. Each wave-
form is the average of a set of approximately 30 startup ieatswith a transient liquid slug of a particular size; the
sizes of the slugs are given in the legend of the plot. Thaimaheous power waveform is sampled at 8 kHz.

piping near the suction port, or in the cylinder head, cayifire liquid refrigerant to be immediately ingested by the
compressor during the subsequent start. The quantitywitlliagested in such circumstances can potentially be quite
large because it is only limited by the volume of the cylinded the associated piping.

As in the case of steady-state liquid slugging, it is esakidi understand the factors that govern the shape of the
compressor startup power transient when seeking to qyainéfefect that transient liquid slugging has on that startup
transient. Many of the behaviors thafect steady-state liquid slugging alsfiext transient liquid slugging; these
include the refrigerant charge, motor impedance, and enwiental conditions. Additional factors that influence the
shape of the startup transient include the acceleratidmeofiiotor shaft, the electrical angle when the motor is starte
and the initial position of the pistons.

In order to ascertain whether or not liquid slugging can leaidied from observations either of the compressor power
or of the aggregate power flowing into the entire RTU, the expents were conducted in a manner that eliminated or
reduced thefeect of as many of these variations as possible. Most of theeeswf variation (the winding impedance,
the initial electrical angle, and the refrigerant chargejevmitigated by carefully designing the experimentalqeot

and constructing the experimental apparatus. Becausetiaion caused by the initial position of the piston could
not be similarly eliminated, the piston position was chtggzed by collecting a number of compressor start transien
and observing the average behavior of a given set of tratssien

Rather than using the spectral envelope estimates as wedefaisthe steady-state liquid slugging detection, the
three phase instantaneous power was computed for eacletraetart to reduce theffect of the electrical angle
on the diagnostic indicator. Equation 1 specifies the coatfmrt of this instantaneous power sigrialk] at each
sample poink for the currents flowing into the compressor and the cornedjpg line-to-neutral referenced voltages.
This preprocessing step was performed because the inséauis power signal retains the DC component of the
power signal, thereby eliminating the components of thaaligelated to the phase dependence of the set of voltage
waveforms.

Van[K]1a[K] + Von[K]I6[K] + Ven[K]1c[K] = Pi[K] 1)

The particular mode of transient liquid slugging investéghduring these experiments was that in which the liquid
refrigerant was pooled on the valve plate directly abovestiation valve. The experimental procedures that simulated
this fault mode were performed by opening the solenoid viaa specified interval of time, after which the compres-
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(a) Filtered plots of the averaged instantaneous threeephaser (b) Zoomed in plot of the filtered averaged instantaneousepow
flowing into the electrical service of the RTU for transieigjuid waveforms, highlighting the changes caused by the trankiend
slugs of increasing size as monitored by the aggregatentisea- slugging events.

sor. The diference at the tail of the startup transients is also visible
in these waveforms.

Figure 5: Filtered plots of the averaged instantaneoug thih@se power during the compressor startup transient while
the fans were in operation, as observed from the electricaice entrance of the RTU. Each waveform is the average
of a set of approximately 30 startup transients with a licglidy of the size indicated in the legend of the plot. The
instantaneous power waveform is sampled at 8 kHz.

sor was immediately started; the compressor must be stauielly to pull the injected refrigerant into the cylinder
before it evaporates in the cylinder head. As in the stegahg-tiquid slugging tests, the compressor was operated for
a substantial interval of time before conducting thesestast that the motor windings reached their final temperature
Furthermore, a series offtkrent experiments were conducted and in each experimefiieegedit volume of liquid was
injected, so that thefiect of diferent amounts of liquid on the instantaneous power trahes@nd be studied.

Experimental results show that transient liquid sluggiag & visible &ect on the compressor power startup transient
monitored from the compressor power sensors, as seen ineFguFigure 4a illustrates a set of plots of the means
of the instantaneous power for a range dfetient volumes of ingested liquid. For example, the tracetishby the
solid line in the legend illustrates the mean of 32 instaetars power transients when there is no liquid injected,evhil
the trace denoted by the dashed line in the legend similbulstiates the mean of 30 instantaneous power transients
when 22.6 mL of liquid are injected into the cylinder. A comipan of these plots shows that, while there is little
difference between the traces at the beginning of the powerdrassthere are noticeable changes in the shape of the
transient for difering amounts of liquid. This particular section of the gludt manifests this elierence is magnified

in Figure 4b, in which larger volumes of liquid are seen torespond to larger deviations from the “no-slugging”
transient. The amount of power consumed during these peobdeviation during a liquid slug are up to 50% greater
than the amount of power consumed when no liquid is preseghticompressor head; this suggests that an automatic
detection method could be designed to identify the presehitansient liquid slugging.

Figure 5 illustrates analogous behavior that can also bereéd in the aggregate power waveforms. Tiedively
depict these dierences, it was necessary to apply a mean-smoothing filtdret@ggregate instantaneous power
waveform in order to damp oscillations in instantanteousgrccaused by the power consumption of the line-to-line
connected fans. The average of the mean-smoothed instanmpower traces for a number offdrent volumes of
liquid slugs are displayed in Figure 5a. These plots looklamto those in Figure 4 in that transient liquid slugs have
the same fect on the compressor startup transients observed in thiegajg instantaneous power waveforms as they
do on the startup transients observed in the dedicated essmrinstantaneous power waveforms. The magnified tail
end of these waveforms is also illustrated in Figure 5b; diésr from this plot that the transient liquid slugging can
also be observed in the aggregate instantaneous poweraxavef
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5 DISCUSSION

The results presented in this paper show that even smalltles damaging) ingested amounts of liquid can be identi-
fied by simple, reliable, non-instrusive electrical measuents of the power flowing into the compressor. Furthermore
liquid slugging can be detected from measurements of theeggte current flowing into the collection of electrical
loads in the RTU, as well as measurements of the compress@ntalone. These results were demonstrated on a
semi-hermetic reciprocating compressor, which was caeddo a commercially available condenser and evaporator,
providing further evidence that such a diagnostic procedould be feasible in a commercial or residential setting.

While this diagnostic could conceivably be incorporatetd ia fault detection and diagnostic system for RTUs, ad-
ditional research into developing robust fault detecticetinods and extensive field tests are necessary to insure that
these fault detection methods could produce reliable t®Buthe field. Work is presently being conducted at MIT to
continue developing these and related diagnostics.

Support for this research was provided by the Grainger Fatima and NEMOmetrics, Inc. Additional technical
assistance was provided by Haorong Li and Frank Lee of PUddiwersity.
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